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Abstract 
The static surface deformation can be recovered from strong motion records. Compared to satellite-based measurements such 
as GPS or InSAR, the advantage of strong motion records is that they have the potential to provide real-time coseismic static 
displacements. The use of these valuable data was optimized for the moment magnitude estimation. A centroid grid search 
method was introduced to calculate the moment magnitude by using1 model. The method to data sets was applied of the 2011, 
Mw 9.0 Tohoku earthquake, the 2004, Mw 9.0 Sumatra earthquake, the 2010, Mw 8.8 Maule earthquake, the 2003, Mw 8.3 
Tokachi-Oki earthquake, the 2010, Mw 7.8 Mentawai earthquake and the 2007, Mw 7.7 Tocopilla earthquake. The method 
calculates reasonable moment magnitude using static surface displacement data even only from single station. This method 
can be done very rapidly within approximately 5 minutes. It provides crucial information e.g. for making tsunami early 
warning decision. 
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1. Introduction 
One of the motivations of in this study is to optimize the use of valuable rapid coseismic static displacement 
information from strong motion or GPS data. The earthquake parameter of moment magnitude (Mw) can be 
calculated from coseismic surface deformation data. Moment magnitude is one of the most crucial parameters for 
making tsunami warning decisions. The hypothesis that with relatively few good measurements of static 
displacements, moment magnitude with sufficient accuracy can be estimated rapidly enough to be used for 
tsunami early warning. 
Methods of rapid moment magnitude estimation have been introduced by many studies before (e.g. 2,3,4). 
Nevertheless, most of methods rely on either static deformation from GPS data or on dynamic displacements 
from strong motion data. Normally, they need data from at least several near-epicenter stations. These may take 
longer time or may not be available at all. 2 for example, needs about 15 minutes of GPS data following 
earthquake initiation to determine moment magnitude. Our aim here is to investigate whether strong motion data 
can help in making moment magnitude estimation available more quickly, especially within 5 minutes as 
required for tsunami early warning e.g. in Indonesia. 
Lesson learn was obtained onthe 2010, Mw 7.8 Mentawai earthquake in Sumatra. The earthquake was recorded 
by the strong motion network of BMKG (Meteorological, Climatological and Geophysical Agency of Indonesia). 
Due to the lack of strong motion stations and problems of station maintenance, the earthquake was properly 
recorded at only few near-epicenter stations within a distance of less than about 200 km. Significant static 
displacement was recorded at only one near-epicenter station (PPSI, distance of 81 km). This data, however, 
would be very valuable if it could be used in near real-time. A case like this may happen again in the future for 
other large earthquakes in this or other regions. 
The Mentawai earthquake is a realistic case expected in a country like Indonesia, where a good measurement 
of displacement is recorded at only few near- epicenter stations. Based on experience, the question then arises, 
what can be done or learnt from a single vector of displacement?. The displacement vector must be related to the 
centroid location and magnitude scale of the earthquake. This idea leads to development of  the grid search 
method for centroid location with the trial of possible magnitudes by using displacements data from a single 
station. In principle, additional stations can be included incrementally to improve the quality of magnitudes. 
The paper  will show that strong motion data can provide a faster coseismic deformation relative to satellite-
based methods (i.e. GPS or InSAR). Here, the research demonstrated how to  use the static deformation mostly 
obtained from strong motion data to calculate reasonable moment magnitude very quickly. Due to lack of strong 
motion data, for certain events (e.g. for 2004 Sumatra earthquake) the GPS data was used from the references, 
but using the same inversion method. 
2. Method 
Strong shallow earthquakes normally produce permanent or static surface deformations in the vicinity of the 
epicenter location. Deformation is a function of the earthquake size, location, source mechanism and fault 
geometry. Using deformation data, an inversion was attempted for at least some of the earthquake source 
parameters, for instance, slip at the slab interface and seismic moment of the earthquake. Otherwise, modelling 
the source mechanism and moment magnitude of strong earthquakes can predict surface deformation near 
epicenter location. 
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1 proposed a forward modelling method to calculate static surface deformations caused by strong earthquakes. 
The model uses finite rectangular faults and calculates deformations due to shear and tensile faults in half space. 
Using the1 model, the input parameters are: the centroid location (latitude, longitude and depth), fault geometry 
(strike, dip, rake and rupture’s area) and average slip of the earthquake to the given formulas (see1). Static 
deformation could be predicted at an observation coordinate on the earth’s surface and compare the result with 
the observation data at the same coordinate. 
Slip is computed based on the magnitude and an assumption of Poisson’s ratio or elastic shear modulus of the 
crust structure. Using a grid search method, we search all possibilities of moment and centroid position near 
hypocenter location. We search iteratively over the moment magnitude range between 6.0 to 9.5 at intervals of 
0.1. For each magnitude iteration, we calculate moment using the5 equation following Eq. 1. 
log(Mo) = 1.5Mw + 9.1          (1) 
assuming the commonly used elastic shear modulus μ = 30 GPa, slip value is calculated using Eq. 2. 
Mo = μ D A           (2) 
where D is the slip average of the whole rupture area (A) on the fault surface. Here, the simplification was 
made that the slip is homogeneous, that is, it occurs with the same amplitude on the entire fault surface. The 
rupture area is calculated using empirical relation of magnitude-area scaling laws. Another simplification of fault 
dimensions by assuming a rectangular area was done. Length (L) and Width (W) of the rupture are calculated 
following Eqs. 3 and 4 from6 
log(L) = 0.63Mw − 2.86          (3) 
log(W) = 0.41Mw − 1.61          (4) 
Static displacement  was observed at a strong motion station near the epicenter. On the other hand comparison 
was done with predicted static displacement at the same location using the method of1 by forward modelling. The 
calculation of the misfit between observed and predicted displacements. During grid search, the centroid position 
is moved over a sufficiently large area on the slab interface. 
For misfit calculation between observation and prediction displacements data, we weight the vertical 
displacements 25%, i.e. relatively smaller than horizontal components. Normally, vertical deformation is much 
smaller than horizontal deformation. Misfit is calculated using Eq. 5 below, 
Misfit = (∆EW + ∆NS + 0.25 כ ∆UD)/3        (5) 
where ∆EW, ∆NS and ∆UD are differences in the east-west, north-south and vertical components between 
observed and predicted displacements, respectively.  
The parameters (i.e. latitude, longitude, depth, strike and dip) for grid point at epicenter location are obtained 
from the slab model slab1.0 of USGS7. The grid point is then used as reference to set other grid points within a 
length and width of 400 km and 140 km, respectively. The spacing between grid points is fixed at 20 km. Such 
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large values of grid search area and spacing are considered sufficient. The grid of 147 points is centered at the 
hypocenter location. 
The rake of typical megathrust earthquakes can be approximated to be close to 90 degrees. However, in this 
study, the method was tested using three possibilities of rake for each grid point. First, rake from the reference, 
GCMT (Global Centroid Moment Tensor) was deployed. Second, rake of 90 degrees was used. Third, rake is 
searched or optimized between 70 to 110 degrees at intervals of 1 degree. In this case the best rake will be 
selected where the misfit reaches its minimum value. 
Using the grid search method, the final result of moment magnitude will be selected if the observed and 
predicted displacements have minimum misfit. Additional stations can be incorporated easily to improve the 
quality of final results. However, to the  focus  was  on the case of one available station with good measurement, 
as this is what can be typically expected to be realistic in Indonesia. 
3. Results 
The method  applied to calculate moment magnitudes of several strong earthquakes as listed in Table 2. The 
reference stations used for the earthquakes are listed in Table 1. In order to test the consistency of our results of 
moment magnitude, for the case of the Tohoku earthquake, other nearby strong motion stations was also used for 
the references. The results of moment magnitude using different reference stations are shown in Table 3.Figures 
1(a-g) show the results for the earthquakes listed in Table 2 using rake of  90 degrees. 
 
 
(a) Tohoku Earthquake 
 
\ 
(b) Sumatra Earthquake 
15 Muzli Muzli et al. /  Procedia Earth and Planetary Science  12 ( 2015 )  11 – 19 
 
(c) Maule Earthquake 
 
(d) Tokachi-Oki Earthquake 
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(e) Mentawai Earthquake 
 
(f) Tocopilla Earthquake 
 
 
(g) Tokachi-Oki aftershock Earthquake 
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Fig. 1. Results of rapid moment magnitudes calculated using single near-epicenter station for (a) Tohoku earthquake; (b) Sumatra earthquake; 
(c) Maule earthquake; (d) Tokachi-Oki earthquake; (e) Mentawai earthquake; (f) Tocopilla earthquake and (g) Tokachi-Oki aftershock 
earthquake. Rake is fixed at 90 degrees. Red and brown arrows represent displacements data from the references, respectively for horizontal 
and vertical components. Blue and green arrows represent selected predicted displacements with minimum misfit to reference data. Gray 
arrows represent trial displacements. Small green circles indicate grid points used for grid search and red circles indicate selected centroid 
positions which produce final predicted displacements. Beach balls show focal mechanism solutions from GCMT. 
Table 1: Reference stations used to calculate moment magnitude by grid search method 
Earthquake Station Lat Lon Distance (km) 
Sumatra (2004) R171 2.96 95.52 64.97 
Tohoku (2011) MYGH12 38.64 141.44 89.66 
 MYGH03 38.92 141.64 94.04 
 MYGH04 38.79 141.33 105.9 
 IWTH27 39.03 141.53 109.5 
 MYGH06 38.59 141.07 118.0 
Maule (2010) CONZ -36.84 -73.02 107.2 
Tokachi-Oki (2003) TKCH06 42.89 143.06 142.3 
Mentawai (2010) PPSI -2.77 100.01 80.67 
Tocopilla (2007) PB05 -22.85 -70.20 79.86 
Tokachi-Oki aft. (2003) 0144 42.13 142.94 70.35 
The GPS data at stations R171, CONZ and 0144 are obtained from8,9,10 respectively. 
Table 2: Results of rapid moment magnitude estimation using single station 
Earthquake Moment magnitude (Mw) 
Ref. (GCMT) Rake(λ) from ref. Rake=90 Rake opt. 
Tohoku (2011) 9.1 9.2 (λ=88) 9.2 9.2 (λ=73) 
Sumatra (2004) 9.0 9.2 (λ=111) 8.6 8.6 (λ=91) 
Maule (2010) 8.8 9.0 (λ=116) 8.9 8.6 (λ=109) 
Tokachi-Oki (2003) 8.3 8.5 (λ=132) 8.2 8.1 (λ=102) 
Mentawai (2010) 7.8 7.8 (λ=96) 8.1 8.3 (λ=74) 
Tocopilla (2007) 7.7 7.7 (λ=98) 7.3 7.7 (λ=102) 
Tokachi-Oki aft. (2003) 7.3 7.3 (λ=86) 7.3 7.3 (λ=81) 
 
Table 3: Results of rapid moment magnitude estimation using single different station for the 2011, Mw 9.1 (GCMT) Tohoku earthquake 
Station Moment magnitude (Mw) 
Rake(λ)=88 (ref.) Rake=90 Rake opt. 
MYGH12 9.2 9.2 9.2 (λ=73) 
MYGH03 9.0 9.0 9.0 (λ=82) 
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MYGH04 9.0 9.0 9.1 (λ=71) 
IWTH27 8.9 8.9 9.0 (λ=82) 
MYGH06 8.9 9.2 9.2 (λ=72) 
4. Discussion and Conclusions 
The study demonstrated calculation of reasonable moment magnitude of relatively strong earthquakes using 
single strong motion or GPS station. Assuming the references have the correct magnitudes, we compared the 
results of magnitude using our method and reference magnitudes. 
The study have used different rakes for the moment magnitudes calculation. By using the rake from reference 
solutions we obtain magnitudes very close to the reference magnitudes with an average deviation of 0.1. 
Assuming the rake is equal to 90 degrees, the average deviation is 0.2. Optimizing rake between 70 and 110 
degrees by selecting the best fitting rake to produce minimum misfit between observed and predicted data, the 
average deviation is also 0.2. 
Test on how consistent the results are if using different stations where the data are available for the references 
were conducted. For example, for the Tohoku earthquake, the result of moment magnitude was close to the 
reference magnitude. Consistency of the results can be tested by using different stations for the same event. The 
results  were compared using five different stations. Even with rake fixed at 90 degrees,it can be observed that  
the average deviation is very small, namely 0.12. 
It is not surprising that the best results can be obtained when using rakes from the reference (GCMT). In 
reality, however, of course there is no rake from reference at the time of earthquake occurrence. As other two 
possibilities, is  using either a rake approximated to 90 degrees or search for the best rake. Both methods result in 
the same average deviations. The method of optimizing rake takes more time for the calculation process. 
Therefore, for the early warning purposes, we suggest calculating moment magnitude using the method in this 
study with rake fixed at 90 degrees. 
It is understandable that the results of magnitude using the method presented here are slightly different from 
the GCMT magnitudes. In this study, magnitudes have been estimated under several simplifying assumptions. 
First, the simplification of fault dimension, where assumption on a rectangular rupture area. Second, the scaling 
laws of empirical relation between moment magnitude and rupture area was done. Third, assumption that slip 
occurs with homogeneous amplitudes across the fault plane. Fourth, rake was assumed to be 90 degrees. 
Despite the many assumptions introduced to the method, the results in terms of moment magnitudes using data 
from only one strong motion or GPS station are quite encouraging. In fact, a full slip inversion with much more 
data and fewer assumptions can produce moment magnitude with better accuracy. However, the goal of this 
method is rapid moment magnitude estimation for e.g. tsunami early warning purposes. The speed of data 
processing with reasonable results is critical. The accuracy of moment magnitude can be improved incrementally 
when the new data are obtained. 
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